Whole genome sequencing (WGS) of bacteria is becoming standard practice 1 6 in many laboratories. Applications for WGS analysis include phylogeography and 1 7 molecular epidemiology, using single nucleotide polymorphisms (SNPs) as the 1 8 unit of evolution. The Northern Arizona SNP Pipeline (NASP) was developed as 1 9 a reproducible pipeline that scales well with the large amount of WGS data 2 0 typically used in comparative genomics applications. In this study, we 2 1 demonstrate how NASP compares to other tools in the analysis of two real 2 2
shown in this matrix, although they are flagged as duplicated. An optional second 1 1 1 matrix (master_masked.tsv) can also be produced. This matrix is the same as 1 1 2 the master matrix, although any position that fails a given filter (minimum depth, 1 1 3 minimum proportion) is masked with an "N", whereas calls that could not be 1 1 4 made are given an "X"; this matrix could be useful for applications where all high- set, but can include positions that are missing in a subset of genomes and not 1 1 8 found in duplicated regions; these SNPs have also been processed with the demonstrated that different phylogenies can be obtained on the same dataset 3 1 0 using either RAxML or FastTree2 [15] . To test this result across multiple 3 1 1 phylogenetic inference methods, the NASP E. coli read dataset was used. Phylogenies were then inferred using a maximum likelihood method in RAxML, a 3 1 3 maximum parsimony method implemented in Parsimonator, a minimum evolution 3 1 4 method in FastTree2, and a Bayesian method implemented in Exabayes [35] . The results demonstrate variability in the placement of one genome (UMN026) 3 1 6 depending on the method. FastTree2 and Exabayes agreed on their topologies, in the dataset have been verified by wet-bench methods ( Supplemental Table 4 ). Additionally, 13 known errors in the reference genome, Y. pestis CO92 [40] , have 3 2 8 been identified ( Supplemental Table 4 ) and should consistently be identified in The results demonstrate differences in the total number of SNPs called 3 3 3 between different methods (Table 3 ). Most of the methods identified all 13 known 3 3 4 sequencing errors in CO92, although Parsnp, REALPHY, and kSNPv3 failed to 3 3 5 do so. The number of verified SNPs also varied between methods, from 21 in 3 3 6 kSNPv3 to all 26 in multiple methods (Table 3 ). An analysis of wet-bench 3 3 7 validated SNPs (n=9) that are identified in more than one genome demonstrated 3 3 8 that some methods failed to identify all of these SNPs, which could lead to a very 3 3 9 different phylogeny than the phylogeny using these SNPs that are vital for 3 4 0 resolving important phylogenetic relationships. These SNPs could represent 3 4 1 differences that could differentiate between strains in an outbreak event. reads were also simulated from these artificially mutated assemblies with ART to The results demonstrate that NASP identified all of the inserted SNPs using 3 5 1 raw reads, although 68 SNPs failed the proportion filter (0.90) and 232 SNPs fell 3 5 2 in duplicated regions (Table 4) ; some of the duplicated SNPs would also fail the 3 5 3
proportion filter. Of all other methods, only ISG identified all inserted mutations. have also been aligned. To understand how the SNPs called would affect the overall tree topology, a 3 5 8 phylogeny was inferred for each set of SNPs with RAxML. A similarity matrix was 3 5 9 made for each method based on the topological score compared to the ML 3 6 0 phylogeny inferred from the known mutations. The UPGMA dendrogram 3 6 1 demonstrates that the NASP results return a phylogeny that is more Understanding relationships between bacterial isolates in a population is 3 7 1 important for applications such as source tracking, outbreak investigations, 3 7 2 phylogeography, population dynamics, and diagnostic development. With the 3 7 3 large numbers of genomes that are typically associated with these investigations, 3 7 4 methods are required to quickly and accurately identify SNPs in a reference 3 7 5 population. However, no studies have conducted a broad analysis to compare 3 7 6 published methods on real and simulated datasets to identify relevant strengths 3 7 7 and weaknesses. Multiple publications have used a reference-dependent approach to identify 3 7 9
SNPs to understand population dynamics [38] . While the specific methods are Recently it has been suggested that the use of a single reference can bias the SNPs. Using all of the SNPs identified by kSNPv3 also gave a different tree 4 0 1 topology than the other methods ( that includes as many SNPs as possible in order to maximize the relevant search reference can be used with NASP to more comprehensively identify SNPs, but 4 1 0 curation of the pan-genome is necessary to remove genomic elements Phylogenetics on an alignment of concatenated SNPs is thought to be less 4 1 4 preferable than an alignment that also contains monomorphic positions [11, 38] . should be considered when inferring phylogenies from concatenated SNP 4 2 0 alignments. In our E. coli test case, using concatenated SNPs did not change the 4 2 1 tree topology compared to a phylogeny inferred from all sites, but did affect the flexibility to make those decisions in a reproducible manner. 
